Here, we present tests of the proposed model against MST using an artificial single-tree scenario at 2 GHz and 10 GHz.
Introduction
Multiple scattering theory (MST) [1] [2] [3] [4] , computes the coherent and incoherent fields scattered by an ensemble of randomly oriented and positioned particles. Their density is low and their sizes are smaller than their separations [5] . MST has been frequently used in parallel to the Radiative Transfer Theory (RT) [5] in remote sensing, e.g. [6] , to model vegetated layer scattering.
In [18] [19] [20] , the scattering behavior for individual thin dielectric cylinders representing tree branches and individual flat cylinders (discs) representing leafs was presented. The scattering amplitude tensors of these tree canopy elements are used for calculating the overall scattering behavior of the whole canopy.
The applicability of MST to such scenarios has been validated in [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, there is a significant drawback of MST preventing its widespread usage which is the very long computation times required.
As indicated, MST provides two types of fields, coherent and incoherent [5] . In the forward direction, the coherent component dominates while it practically disappears in other directions. In contrast, the incoherent component is always present with low levels.
As for shadowing behind a canopy, physical optics (PO), e.g. [21] and [22] , offers a computationally efficient alternative for calculating the coherent field behind an electrically large dielectric object. It misses, however, the contributions through the canopy itself.
We will be presenting how to overcome this by taking into account the complex valued propagation constant derived with MST for the path through the canopy which adds coherently with the path around the canopy due to diffraction obtained through PO [21] .
One further advantage is that we can calculate the coherently scattered fields in the near field region, which is not possible with MST where only the far fields are calculated. In this way, we are able to take into consideration the fields going through and around the canopy giving rise to smooth transitions between the line of sight (LOS) and shadowed sectors behind the canopy. This is in contrast with the results we would obtain if only the specific attenuation was employed, which would give rise to sharp edge effects at the transition region from LOS to non-LOS.
We carried out extensive tests where we show that the model provides results in agreement with both MST and experimental data [710].
Multiple Scattering Theory
The following brief description of the MST principles is based on [11] , while the behavior of the individual elementary components of a canopy has been derived from [17] [18] [19] .
MST assumes an incident plane wave E i (rʹ) with amplitude E 0 and polarization q traveling in the i direction ( Fig. 1 )
where k 0 is the propagation constant in free space. The coherent field at point rʹ inside the canopy is
where we introduce parameter K which is the so-called effective propagation constant, which is complex valued and given by
Parameter s 1 (rʹ) is the distance through the canopy to point rʹ along direction i. F eq (s, i) is the canopy's equivalent scattering amplitude per unit volume in the scattering direction s. The specific attenuation, α c in dB/m, is [11] 8.686
The scattered field E s (r) from any point rʹ inside the canopy to a point r outside can be expressed as
The incoherent part is given by
where   means statistical averaging and V(r, rʹ) is an operator given by
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where s 2 (rʹ) is the distance through the canopy from a point rʹ to the point r along s. The coherent part is a complex electric field while the incoherent component is a power, i.e., with no phase.
The canopy is assumed to consist of various branch types of different sizes and leaves. A configuration proposed in [11] and [12] uses five branch (cylinder) categories, Tab. 1. In addition, we have the leaves (discs). Their relative complex permittivity is ε b = 28 -7j for branches, and ε l = 31 -8j for leaves.
Their orientations are random and are described by two angles, α and β, with respect to the tree reference coordinate frame, as in [11] or [12] . In [11] , it is assumed that uniform distribution, f Ω (α, β), adequately represents the orientations of single branches b and leaves l. However, the orientation angle range for the larger branches tends to be limited and centered about the vertical direction.
The average scattering amplitude can be obtained by computing the mean taking into account the distribution of orientations
where
(s, i) is the scattering amplitude tensor for the branches or leaves [18] [19] [20] .
Moreover, we need to take into account the respective number densities ρ b,l . Thus, for the whole canopy, we get
Finally, we can convert scattering amplitudes to cross sections for a single branch or leaf,
and for the overall canopy in terms of an equivalent scattering cross section per unit volume in m 2 /m 3 as
The validity of the models for individual canopy elements in [18] [19] [20] corresponds to the cases where the branch lengths are sufficiently greater than their radii, and the leaves are electrically thin. Now we provide some examples to illustrate the behavior of the model for different input parameters. First we discuss the behavior of a canopy illuminated by a vertically polarized plane wave. The tree follows the configuration in Tab. 1 [11] . The incidence is along the horizontal direction and the scattering characteristics are investigated in the horizontal xy plane for scattering angles φ S from 0° to 180° at the distance of 50 m from the canopy center. Figure 2 illustrates the effect of the frequency in the scattering amplitudes for branches of category one and leaves at 5 GHz and 10 GHz together with the resulting overall equivalent scattering amplitudes F eq (s, i).
The problem with the model is that very fine canopy volume integration in (5) and (6) is required, mainly for the coherent component. The incoherent component is not so sensitive and larger elementary volumes can be used, thus reducing the required computation time. Typically, for the coherent component, dVʹ must be set to cubes of side smaller than 0.1 which for large canopies and high frequencies results in very long computation times. This is the main shortcoming of MST which prevents us from using it directly in large propagation scenarios.
To illustrate the results of the overall model in Fig. 3 , we present the obtained coherent and incoherent contributions at 2 GHz for cylindrical and spherical canopies of approximately the same volume. We can see how the coherent contributions dominate only in the forward direction and then fall off sharply to be overcome by the incoherent component.
As for the specific attenuation for this configuration, it can be determined from the imaginary part of K as 0.97 dB/m (4), well in line with empirical results provided in [1] or [2325].
Physical Optics Approximation
In accordance with [21] and [22] , we consider both the electric J eq and magnetic M eq equivalent surface currents in our implementation.
We can start off by assuming a perfectly absorbing body, that is, where no reflected fields are generated. Based on this assumption, the following relations apply [20] , [21] eq inc
eq inc   J n H (13) where n is the surface's outward pointing unit normal vector at rʹ. The surface samples must be illuminated by the incident plane wave, i.e. k inc n < 0.
The electric and magnetic scattered near fields at point r are [21] 
where dSʹ is the surface discretization element. From these two fields, their associated fields, E scat, J and H scat, M , are computed.
The blockage of the original plane wave fields, E dir and H dir , is introduced by the scattered fields [21] . When added together, the resulting fields in the presence of a perfectly absorbing obstacle are
giving rise to a diffraction pattern around the canopy. The whole approach is illustrated in Fig. 4 . 
Simplified Model for the Coherent Component
In the previous section, we looked into PO for the case of a completely absorbing body. We want to address the propagation path through a canopy based on K and hybridize it with PO. This allows us to avoid the heavy computational load required by MST.
Based on (16), we can obtain the original fields at r, i.e. as if no perfectly absorbing object was present, by eliminating the blockage field as dir dir block block
In terms of PO, for n pointing in the opposite direction than in Fig. 1 , -E block can be obtained as if dSʹ was a radiating aperture instead of a blocking element, thus providing an aperture field E aper . This follows Babinet's principle in optics [22] stating that the field in case of no screen (E dir ) equals the sum of the field behind a screen with an opening/aperture (-E block ) and the field of the complementary structure (E block ).
In our approximated model, we keep the fields E B and H B , (16) and (17), and modify E aper and H aper based on the complex effective propagation constant of the body. The resulting total fields are then
In case of a completely transparent body we would have E aper = -E block and (19) would predict that E tot is equal to E dir , i.e.,
In the other extreme case, where the body is totally opaque, E aper must be accordingly adjusted to a null value, yielding
A similar reasoning applies to the magnetic fields. With reference to Fig. 5 , we describe our approximations in some more details.
In PO, generally, the outer surface is tested for visibility by the incoming plane wave to enable the calculation of the scattered fields. However, here, in order to reduce computation time, it is more advantageous to consider the inner surface and assume it to be illuminated (k inc n > 0 for n pointing outwards the surface, solid line in Fig. 5 ). Then, K can be applied directly to the incoming wave considering the path through the canopy in the direction of k inc towards rʹ as
. (23) From this we obtain
with n = n aper pointing as indicated in Fig. 5 . This makes the model very straightforward and with low computational load. Should we had chosen the surface visible from the incident ray (dashed line in Fig. 5 ), the number of computations would have been much larger.
The blockage fields, E block and H block , are obtained with n = n block as in Fig. 2 . The direct fields at r are
The fields inside the canopy are computed according to [11] , taking into consideration the propagation constant
Model Tests and Validation
A detailed validation of this technique will be presented at a later time including experimental and theoretical comparisons. However, in this paper we limit ourselves to showing a comparison between the full application of MST and our simplified, faster approach for the coherent component. The incoherent component has been extensively studied in our earlier papers on this subject [7] [8] [9] [10] .
As in [9] , two distinct frequencies, namely 2 GHz and 10 GHz, are selected to demonstrate the similarity between the results of the modified PO model and those from MST, with the added significant computation load reduction.
A terrestrial path, elevation of 0° was selected for illustration. The canopy is assumed to have a cylindrical shape with radius R = 1 m and height H = 2 m. Vertical polarization is used. A straight receive antenna path, perpendicular to the radio path from the transmitter to the tree, was chosen with part of it in LOS and part shadowed by the tree.
The same material parameters, sizes and orientations of the branches and leaves as in [1] , [9] , [11] and [12] were considered, yielding effective propagation constants K 2 GHz = 42.06 -0.11j and K 10 GHz = 210.34 -0.25j, respectively, and specific attenuations α spec, 2 GHz = 0.96 dB/m and α spec, 10 GHz = 2.17 dB/m.
In Fig. 6 , we can observe the obtained results: as the traveled distance increases, the resulting field smoothly approaches the incident plane wave field of amplitude E 0 = 0 dBV/m. Also, as expected, there is a transition region when the path enters the LOS conditions. The overall attenuation behind the canopy at 2 GHz and 10 GHz is about 2 dB and 4 dB, respectively. This corresponds to the maximum path traveled through the canopy, which is 2 m, multiplied by α spec, 2 GHz or α spec, 10 GHz .
Had we applied an even simpler model taking into account the geometrical path through the canopy multiplied by the specific attenuation, we would have had a sharp discontinuity in the incident shadow boundary, whereas with MST and our simplified model we get a gentle transition region and not an abrupt one.
The reader is reminded that the specific attenuations are computed using MST. We can also see that it is important to use the phase term in the effective propagation constant, also derived from MST, as depicted in Fig. 5 .
Many other theoretical tests and comparisons with measurements were performed proving the validity of our approach [16] .
Time-Series Synthesis
The model presented in this paper can directly be used within time-series synthesizers required for testing overall transmission system behavior. A reasonable assumption is to suppose that the received signal can be modeled, at least over short traveled distances, by means of a Rice model, that is, the sum of a coherent component and a diffuse component.
If, for example, the mobile terminal is traveling in a tree sided road, the received signal will be a mixture of the direct signal, sometimes attenuated by a tree canopy, and multiple contributions from the various trees on either side of the road.
Here is where the model discussed above comes in: we can represent the direct signal with the simplified approach plus a diffuse component. The latter we can actually break down into contributions coming from different parts of the same canopy or from parts of other trees. Since we are dealing with a diffuse component, characterized in terms of power, we can break down each tree into any number of individual volumetric components (voxels). The only condition being that the total average power remains the same regardless of the discretization step. MST provides us with volumetric radar cross section values, σ, in m 2 /m 3 . The level of discretization is mainly dependent on two points, one is that for the bistatic radar equation to be valid, we need to be in the far field of the target element. We will need to change the size of the discrete voxels if the terminal antenna is too close to the tree. A second criterion is the delay or angle of arrival resolution we require in our application: rougher descriptions would involve coarser steps.
The overall received signal at each route sampling point would be the coherent sum of the direct signal plus all diffuse components supplied with an initial random phase and a changing phase due to the changing distances as the terminal moves.
The way voxels are generated has been subjected to many hypotheses. We can cite here, for example, the method proposed in [26] to reproduce the non-stationarity in the received signal. In the case of stationary terminals, time variations will still exist due to wind effects. A mechanical method was proposed in [27] which is compatible with our discretization of the tree canopies for describing the diffuse component.
Summary
In this paper, we have reviewed the application of Multiple Scattering Theory, MST, to the modeling radio link conditions. This technique has usually been utilized in remote sensing. The only main shortcoming we face when applying it to communications or navigation links is the very long computation time required which involve volume integration and averaging over individual component orientations (branches and leaves). However, this technique provides a fast method of calculating tree diffuse scattering. Thus, we propose to replace the computationally inefficient way of calculating the coherent component with a simpler hybrid method involving two paths, one through the canopy and another around the canopy, with the application of an effective propagation constant K derived by MST. We have shown tests where the obtained results are very close also to the experimental datasets and, further, we have outlined the application of the presented model within a time-series generator.
